1.. Introduction {#s1}
================

Periodontitis is a chronic inflammatory disease caused by microorganisms residing in subgingival biofilm. The disease is predominantly associated with colonization by Gram-negative anaerobic microorganisms. In particular, *Porphyromonas gingivalis* (*P. gingivalis*) and *Aggregatibacter actinomycetemcomitans* (*A. actinomycetemcomitans*) has been known to be the major etiological agents of periodontitis \[[@C1]--[@C4]\]. The primary goal of periodontitis treatment is thus elimination of pathogen-containing biofilms. Supra- and subgingival mechanical debridement is the traditional initial step in treating periodontitis, even though the process is laborious and the results technique-dependent. In addition, mechanical debridement rarely leads to the complete removal of putative periodontal pathogens.

A number of topical antiseptics and topical or systemic antibiotics have been employed to augment mechanical debridement \[[@C5], [@C6]\]. However, topical and systemic antibiotic therapies have several significant drawbacks, such as selectivity of antimicrobial action, possible development of resistant bacteria, and risk for adverse host reactions. For these reasons, the topical use of a low-cost, broad-spectrum antiseptic agent with low potential for adverse reactions is preferable in treating periodontitis. The most widely used adjunctive antiseptic in periodontal treatment is probably chlorhexidine digluconate (CHX), which is applied at concentrations of 0.1% to 2%. However, prolonged use of CHX may cause mucosal desquamation, tooth staining, and altered taste sensation. In addition, even low concentrations of CHX may be toxic to gingival fibroblasts, thereby reducing the production of collagen and non-collagen proteins and potentially impeding periodontal healing \[[@C7]\]. Moreover, an increasing number of immediate-type allergies to this agent have been reported, including contact urticaria, occupational asthma, and anaphylactic shock. Due to the potential for serious allergic reactions to CHX, topical application of this drug, especially to mucous membranes, is discouraged \[[@C8]\]. Therefore, an alternative adjunctive antiseptic with higher antimicrobial activity, a better safety profile, and fewer side effects would be valuable in treating periodontal disease.

Ozone (O~3~) is attracting attention as a possible alternative antiseptic in the dental field as well as food industries. Ozone has strong antimicrobial activity against bacteria, fungi, protozoa, and viruses \[[@C9]\] and does not induce microbial resistance, characteristics that were originally noted in the fields of water purification and food preservation \[[@C10]--[@C12]\]. Recent reports have shown that both the gaseous and aqueous forms of ozone have antimicrobial activity against oral pathogens associated with dental caries and endodontic infections \[[@C13]--[@C18]\]. It has also been reported that ozone therapy considerably reduces the growth of *A. actinomycetemcomitans*, *P. gingivalis*, and *Tannerella forsythia* \[[@C19]\]. Regarding the potential for cytotoxicity, ozone gas has been found to significantly decrease the viability of oral cells in the concentrations currently used in dentistry \[[@C20]\]. In contrast, other reports have indicated that aqueous ozone is highly biocompatible with fibroblasts, cementoblasts, and epithelial cells \[[@C20]--[@C22]\], suggesting that aqueous ozone would be useful in treating oral infectious diseases such as periodontal disease, apical periodontitis, and peri-implantitis. However, ozonated water has a half-life of about only 20 min and will degrade back into oxygen, and must be used within the first 5 to 10 min after production to assure its potency.

In order to overcome problems associated with the short half-life of ozonated water, [Chiba]{.smallcaps} and [Takahashi]{.smallcaps} \[[@C23]\] developed a patented procedure to produce ozone nano-bubble water (NBW3). A nano-bubble is less than 100 nm in diameter, and is produced by the collapse of a micro-bubble (≰50 *μ*m in diameter) in an electrolyte solution by means of a physical stimulus (such as a shock wave caused by electrical discharge in the solution). The physical properties of nano-bubble are inferred from those of micro-bubble \[[@C24]\]. The zeta potential (the electrical potential at the slipping plane as measured by electrophoresis) of micro-bubble is negatively charged under a wide range of pH conditions \[[@C25]\], and observations of collapsing micro-bubbles over time have shown that the zeta potential increases according to the rate of shrinkage, which is inversely proportional to the bubble size \[[@C26]\]. From these properties of micro-bubble, the gas-water interface of nano-bubble is thought to be distributed with OH^−^ ions predominantly over H^+^ ions. The positive ions in electrolyte solution become concentrated around the gas nucleus due to its negatively charged surface and act as shells that prevent the gas from dispersing (the salting-out phenomenon). Due to this characteristic of ion behavior, nano-bubbles remain stable for more than 6 months in electrolyte solution. It is confirmed that NBW3 retains the oxidation ability as aqueous ozone for more than 6 months if it is protected against exposure to ultraviolet rays. The high stability of NBW3 allows for bottling and use as a disinfectant solution.

Owing to its bactericidal efficacy and usability, the use of NBW3 as an adjunctive antiseptic in periodontal treatment would be promising. Indeed, in a randomized controlled trial, we demonstrated that subgingival irrigation with NBW3 might be a valuable adjunct to periodontal treatment \[[@C27]\]. However, to date there are no reports regarding the fundamental properties of NBW3, such as the bactericidal activity against periodontal pathogens or the cytotoxicity against human oral tissues. Therefore, in the present study we evaluated the bactericidal activity of NBW3 against the representative periodontopathic bacteria *P. gingivalis* and *A. actinomycetemcomitans* using *in vitro* time-kill studies. Moreover, we investigated the cytotoxicity of NBW3 to the cells of human oral tissues using three-dimensional human buccal and gingival tissue models.

2.. Material and methods {#s2}
========================

2.1.. Production of NBW3 {#s2-1}
------------------------

We used a commercially available NBW3 (Nikken Rentacom Corporation, Tokyo, Japan) for the present tests. According to the patent of NBW3 electrolyte aqueous solution is needed for the preparation of NBW3. To prepare the test samples ozone microbubbles were dispersed in groundwater collected near a beach in Miyagi Prefecture, Japan. The concentration of ozone gas dispersed as microbubbles was about 50 g Nm^−3^. The salt concentration of the original water was about 0.9%, and it contained trace inorganic minerals such as iron and manganese ions, derived from both sea water and underground layers. During the ozone microbubble dispersion for more than 3 h, the total organic content of the water decreased to less than 3 mg L^−1^ and iron levels were less than 0.03 mg L^−1^ because of the strong oxidation ability of ozonation. The water changed to a pink color because of the oxidation of manganese ions, other trace inorganic minerals of the NBW3, per 1 L, were as follows: sodium, 16 mg; chloride ion, 14.6 mg; calcium, 27 mg; magnesium, 14 mg. The pH of the water was 7.5. It was then stored in a cool dark place for at least one month before the tests. The aqueous ozone concentration evaluated by indigo method was about 1.5 mg L^−1^ at the tests.

2.2.. Time-kill study {#s2-2}
---------------------

### 2.2.1.. Microorganisms {#s2-2-1}

The *P. gingivalis* JCM12257 and *A. actinomycetemcomitans* JCM8577 isolates used in this study were obtained from the Japan Collection of Microorganisms (RIKEN BioResource Center, Tsukuba, Ibaraki, Japan). *P. gingivalis* was grown anaerobically on modified GAM agar (Nissui Pharmaceutical Co., Ltd, Ueno, Tokyo, Japan) for 3 days at 37 °C. *A. actinomycetemcomitans* was grown on modified GAM agar for 24 h at 37 °C in an atmosphere of 5% CO~2~ in air. The initial inocula were adjusted to 1 × 10^7^ colony forming units (CFUs)/mL.

### 2.2.2.. Sample preparation {#s2-2-2}

A 0.1 mL volume of culture medium containing approximately 1 × 10^7^ CFUs mL^−1^ of test bacterium was added to either 10 mL of NBW3, 0.2% CHX (Sigma-Aldrich Co. LLC., St. Louis, Missouri, USA) or 0.9% NaCl (as a control) that had been pre-warmed to 25 °C. Following the incubation (for 0.5, 1, 1.5 and 5 min, at 37 °C), aliquots (1 mL) of the test bacterial suspensions were added to tubes containing 9 mL of SCDLP bouillon culture medium (Nissui Pharmaceutical Co., Ltd, Ueno, Tokyo, Japan) for inactivation of the test solutions. The 0.9% NaCl control bacterial suspensions were incubated 0 and 5 min at 37 °C and treated in the same manner as test ones.

### 2.2.3.. Enumeration of bacterial colonies following exposure to NBW3 {#s2-2-3}

Bacteria were enumerated using a Petri-plate method. Briefly, aliquots were removed from each tube at each time point and serial 10-fold dilutions were made in sterile physiological saline. Next, 1 mL aliquots of each dilution were aseptically transferred to Petri dishes, mixed with approximately 20 mL of modified GAM agar medium, and incubated at 37 °C for 5 days under anaerobic conditions (*P. gingivalis*) and for 2 days in an atmosphere of 5% CO~2~ in air (*A. actinomycetemcomitans*). Colonies were then counted and the number of CFUs/mL was plotted against time for each bacterium tested. The lower limit of detection using this method was 10 CFUs mL^−1^.

2.3.. Cytotoxicity study {#s2-3}
------------------------

### 2.3.1.. Exposure of organotypic human oral tissue models to the test materials {#s2-3-1}

The potential for NBW3 to irritate oral tissues was tested *in vitro* using human buccal (EpiORL-200™) and gingival (EpiGIN-100™) tissue models developed by MatTek Corporation (Ashland, Massachusetts, USA), which consist of normal, human-derived epithelial cells. On the day of arrival, the tissues were placed in 6-well plates in which each well contained 1.0 mL of pre-warmed ORL-200-MM or GIN-100-MM (MatTek Corporation, Ashland, Massachusetts, USA), supplemented with 1 M HEPES (Dojindo Laboratories, Shibadaimon, Tokyo, Japan). Following overnight incubation at 37 °C in a 5% CO~2~ atmosphere, the tissues were moved to new 6-well plates containing fresh ORL-200-MM or GIN-100-MM supplemented with 1 M HEPES. Next, 0.1 mL of NBW3, 0.2% CHX (Sigma-Aldrich Co. LLC., St. Louis, Missouri, USA), sterile, deionized water (Quality Biological, Inc., Gaithersburg, Maryland, USA) (as a negative control), or Triton™ X-100 (Fisher Scientific Inc., Pittsburgh, Pennsylvania, USA) (as a positive control) was applied to the top (apical) surface of the tissues. Tissues were exposed to NBW3 for 1 and 30 min, and 1, 4, 12 and 24 h. Tissues were exposed to 0.2% CHX for 4, 8, 16 and 24 h. Tissues were exposed to sterile, deionized water for 30 min, and 12, and 24 h. Tissues were exposed to Triton™ X-100 for 4, 8, and 12 h (EpiGIN-100™) and 20, 60, and 120 min (EpiORL-200™). After the exposure period was complete, the tissues were rinsed with Ca^2+^/Mg^2+^-free Dulbecco's phosphate buffered saline (DPBS, Wako Pure Chemical Industries, Ltd, Osaka, Osaka, Japan) and tissue cell viability was determined using the MTT assay (described below).

### 2.3.2.. MTT viability assay {#s2-3-2}

Tissue cell viability was determined using the MTT tissue viability assay, which is a quantitative, colorimetric assay that measures the reduction of a yellow tetrazolium component (MTT: 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) to an insoluble purple formazan product by the mitochondria of viable cells. The extent to which MTT is reduced to the purple formazan product is correlated with cell viability \[[@C28]\]. For this assay, we used MTT Cell Proliferation Kit I (Roche Applied Science, Penzberg, Bavaria, Germany). Following the Ca^2+^/Mg^2+^-free DPBS rinse step, tissues were transferred into 24-well plates in which each well contained 100 *μ*L of MTT labeling reagent (final concentration 0.5 mg mL^−1^) in culture medium. Tissues were incubated with the MTT labeling reagent for 4 h in a humidified 6.5% CO~2~ atmosphere at 37 °C. After the MTT reaction, tissues were transferred to a second 24-well plate containing 1.0 mL of solubilization solution (10% sodium dodecyl sulfate in 0.01 M HCl) and incubated overnight in a humidified 6.5% CO~2~ atmosphere at 37 °C to solubilize the formazan salt crystals. The soluble formazan product was spectrophotometrically quantified using a Vmax™ plate reader (Molecular Devices, LLC., Sunnyvale, California, USA). The wavelength to measure absorbance of the formazan product was 550 nm. The amount of color produced is directly proportional to the number of viable cells. The raw Sabsorbance values were corrected by subtracting the blank optical density at 550 nm (OD~550~) from the OD~550~ for the treated tissues as in equation ([1](#M0001){ref-type="disp-formula"}). The tissue viability was determined by normalizing the corrected OD~550~ for the test tissues as a percent of corrected OD~550~ for the negative control tissues as in equation ([2](#M0002){ref-type="disp-formula"}).

### 2.3.3.. Calculation of ET~50~ value {#s2-3-3}

The exposure time resulting in a 50% reduction in cell viability (ET~50~) was determined mathematically as in equation ([3](#M0003){ref-type="disp-formula"}).

3.. Results {#s3}
===========

3.1.. Time-kill study {#s3-1}
---------------------

The results of time-kill experiments to determine the rate at which NBW3 kills *P. gingivalis* JCM12257 and *A. actinomycetemcomitans* JCM8577 cells are shown in figure [1](#F0001){ref-type="fig"}. Time-kill curves for *P. gingivalis* and *A. actinomycetemcomitans* treated with 0.9% NaCl showed that there were no significant changes in the number of CFUs/mL after 5 min of exposure, suggesting that the test system was valid. The number of CFUs/mL of *P. gingivalis* exposed to 0.2% CHX did not drop to below the lower limit of detection (\<10 CFUs mL^−1^) until 5 min of exposure. In contrast, the number of CFUs/mL of *P. gingivalis* exposed to NBW3 dropped to below the lower limit of detection (\<10 CFUs mL^−1^) after only 0.5 min of exposure. Also, the number of CFUs/mL of *A. actinomycetemcomitans* exposed to NBW3 and 0.2% CHX dropped to below the lower limit of detection (\<10 CFUs mL^−1^) after 0.5 min of exposure.

![Time-kill curves for *P. gingivalis* JCM12257 (a) and *A. actinomycetemcomitans* JCM8577 (b) following exposure to 0.9% NaCl (control), 0.2% CHX, and NBW3. The number of CFUs/mL of *P. gingivalis* exposed to 0.2% CHX did not drop to below the lower limit of detection (\<10 CFUs mL^−1^) until 5 min of exposure. In contrast, the number of CFUs/mL of *P. gingivalis* exposed to NBW3 dropped to below the lower limit of detection (\<10 CFUs mL^−1^) after only 0.5 min of exposure. Also, the number of CFUs/mL of *A. actinomycetemcomitans* exposed to NBW3 and 0.2% CHX dropped to below the lower limit of detection (\<10 CFUs mL^−1^) after 0.5 min of exposure.](TSTA11661210F01){#F0001}

3.2.. Cytotoxicity study {#s3-2}
------------------------

Time response curves for the EpiGIN-100™ and EpiORL-200™ tissues exposed to the positive control, 1% Triton™ X-100, showed that the viability of cells in the EpiGIN-100™ tissue deteriorated to 8.9% after 12 h of exposure, while the viability of cells in the EpiORL-200™ tissue deteriorated to 14.4% after 120 min of exposure (figure [2](#F0002){ref-type="fig"}). The ET~50~ values for the EpiGIN-100™ (6.80 h) and EpiORL-200™ (47.1 min) tissues treated with 1% Triton™ X-100 matched the quality control acceptance criteria established by [K]{.smallcaps}lausner *et al* \[[@C29]\] (6.77 h \< ET~50~ \< 9.16 h for the EpiGIN-100™ and 31 min \< ET~50~ \< 92 min for the EpiORL-200™ tissue models), suggesting that the test system was valid.

![*In vitro* time-response curves for EpiGIN-100™ (a) and EpiORL-200™ (b) tissues exposed to 1% Triton™ X-100. The exposure time necessary to reduce the viability of tissue cells by 50% (ET~50~) was 6.8 h for EpiGIN-100™ and 47.1 min for EpiORL-200™ tissues. Data are expressed as the mean ± standard deviation of triplicate determinations. The experiment was performed three times and similar results were obtained in each experiment.](TSTA11661210F02){#F0002}

Regarding 0.2% CHX, the viability of EpiGIN-100™ and EpiORL-200™ cells deteriorated to less than 10% after 24 h of exposure (figure [3](#F0003){ref-type="fig"}). The ET~50~ value was 10.8 h for EpiGIN-100™ cells and 8.4 h for EpiORL-200™ cells.

![*In vitro* time-response curves for EpiGIN-100™ (a) and EpiORL-200™ (b) tissues exposed to 0.2% CHX. The exposure time necessary to reduce the viability of tissue cells by 50% (ET~50~) was 10.8 h for EpiGIN-100™ and 8.4 h for EpiORL-200™ tissues. Data are expressed as the mean ± standard deviation of triplicate determinations. The experiment was performed three times and similar results were obtained in each experiment.](TSTA11661210F03){#F0003}

Time-response curves for these tissues exposed to NBW3 indicated that there were only minor decreases in the viability of cells after 24 h of exposure (figure [4](#F0004){ref-type="fig"}). The ET~50~ values for both tissue cells were over 24 h.

![*In vitro* time-response curves for EpiGIN-100™ (a) and EpiORL-200™ (b) tissues exposed to NBW3. The exposure time necessary to reduce the viability of tissue cells by 50% (ET~50~) was over 24 h for both EpiGIN-100™ and EpiORL-200™ tissues. Data are expressed as the mean ± standard deviation of triplicate determinations. The experiment was performed three times and similar results were obtained in each experiment.](TSTA11661210F04){#F0004}

4.. Discussion {#s4}
==============

Recently, the novel antiseptic NBW3 was developed using nano-bubble generating technology, and there were expectations that NBW3 would show a fast-acting and potent microbicidal efficacy against specific periodontal pathogens and that it would be safe for use in humans as an adjunctive antiseptic in periodontal treatment. In order to understand the mode of action of NBW3 against periodontopathic bacteria, we conducted *in vitro* time-kill studies. We also investigated whether NBW3 was cytotoxic to cells of human oral tissues using 3D human buccal and gingival tissue models.

The time-kill study is a basic and accurate microbiological method for assessing antimicrobial activity of an antimicrobial material or disinfectant \[[@C30]\]. In this study, the number of CFUs/mL of *P. gingivalis* and *A. actinomycetemcomitans* exposed to NBW3 dropped to below the lower limit of detection (\<10 CFUs mL^−1^) after only 0.5 min of exposure. These results suggest that NBW3 possesses equivalent to or more potent bactericidal activity against these periodontopathic bacteria than established oral antiseptic, 0.2% CHX. The rapidity of the bactericidal effect is one of the most important characteristics of a disinfectant intended for use in periodontal treatment. However, translating our findings to the clinic is not straightforward. It has been recognized that dental plaque is a bacterial biofilm \[[@C31]\], and that biofilm microorganisms show a remarkable resistance to antibiotics and antiseptics that are effective in controlling their free-living counterparts \[[@C32]\]. In addition, in the case of ozone, it decomposes after contact with organic substances, like the extracellular matrix of biofilms \[[@C19]\]. Although in this study the efficacy of NBW3 on biofilms was not tested, a limited effect could be assumed. Therefore, in clinical situations, we recommend mechanical disruption of subgingival biofilms (scaling and root planing) to be performed concurrently with NBW3 irrigation. This combined approach enables NBW3 to react directly with the planktonic bacteria and allows NBW3 to exert optimal bactericidal efficacy.

Previous study by [H]{.smallcaps}uth *et al* \[[@C33]\] found that aqueous ozone at 1.25 mg L^−1^ reduced the levels of *P. gingivalis* and *A. actinomycetemcomitans* by approximately 60% after 1 min of exposure. Although it is impossible to compare rigorously the bactericidal activity of aqueous ozone (at 1.25 mg L^−1^) used in that study \[[@C33]\] and NBW3 (at 1.5 mg L^−1^) used in our study due to the differences of the study design, NBW3 might be more effective against these two bacteria than aqueous ozone at comparable concentration. The bactericidal mechanisms of NBW3 are considered to be basically similar to those of the existing ozonated water. Briefly, ozone is a potent oxidizing agent \[[@C34]\] and free radical-mediated oxidation reactions might play a role in the destruction of bacteria by NBW3. Besides, ozone nano-bubbles per se might play an important role in the bactericidal mechanisms of NBW3. Since there is no investigation regarding the detailed bactericidal mechanisms of NBW3, close examinations must be progressed.

In this study, we also investigated whether NBW3 was cytotoxic to the cells of human oral tissues using 3D buccal and gingival tissue models. Recently, *in vitro* organotypic human oral tissue models have been brought into wide use for a broad variety of oral toxicology and biology studies \[[@C35], [@C36]\]. These tissues used in this study are composed of normal, human-derived epithelial cells and histologically and phenotypically resemble native buccal and gingival tissues \[[@C29]\]. Moreover, standardized quality control tests show the tissues to be highly reproducible \[[@C29]\]. Utilizing these highly differentiated organotypic tissue culture models to test the toxicity and irritation potential of new dental materials and oral care products is more predictive of human responses and more clinically relevant than are animal and monolayer cell culture test systems \[[@C29]\]. We used the MTT assay to assess the viability of tissue model cells. The MTT assay is the most widely used cell-viability assay available for examining cytotoxicity. The MTT cell viability data were used to determine the ET~50~, which is the exposure time resulting in a 50% reduction in viability. In general, the lower the ET~50~, the more irritating/damaging is the test material, while the higher the ET~50~ is, the milder and less damaging is test material. The MTT assay and ET~50~ have been successfully used to correlate *in vitro* and *in vivo* irritancy scores for other mucosal tissue models \[[@C37]--[@C39]\].

First, we confirmed that the ET~50~ values for the EpiGIN-100™ and EpiORL-200™ tissues treated with 1% Triton™ X-100 matched the quality control acceptance criteria established by Klausner *et al* \[[@C29]\], suggesting that the test system was valid. Next, established oral antiseptic, 0.2% CHX, was tested to compare its possible toxic effects on resident oral cells with those of NBW3. The viability of EpiGIN-100™ and EpiORL-200™ cells deteriorated to less than 10% after 24 h of exposure to 0.2% CHX. The ET~50~ value was 10.8 h for EpiGIN-100™ cells and 8.4 h for EpiORL-200™ cells. In contrast, time-response curves for both tissues exposed to NBW3 indicated only minor decreases in the viability of cells after 24 h of exposure. The ET~50~ values for both tissue cells were over 24 h. These results suggest that 0.2% CHX can cause damage to human oral tissues, and NBW3 treatment would be safer for use as an oral antiseptic. However, in the light of clinically relevant short exposure times, both 0.2% CHX and NBW3 do not seem to cause significant cytotoxic damage and can be tolerated for use as an adjunctive oral antiseptic. Further studies are projected in order to investigate more detailed impact of NBW3 on human oral tissue cells, for example, to determine whether and to what extent NBW3 stimulates cytokine expression known as toxicity biomarkers, specifically IL-1*α* and IL-1*β*, by human oral cells.

According to the results of this study, NBW3 possesses fast-acting and potent bactericidal activity against representative periodontopathic bacteria and does not exhibit significant cytotoxicity against the cells of human oral tissues. These results suggest that the use of NBW3 as an adjunctive antiseptic in periodontal treatment would be promising. However, these *in vitro* models cannot be directly compared to the clinical situation in which oral antiseptics are diluted with saliva, and oral mucosa is constantly bathed with saliva. Moreover, in the subgingival environment, the potency of oral antiseptics should be reduced because of the rapid clearance of oral antiseptics from the pocket by continuous flow of gingival crevicular fluid and partial inactivation of applied oral antiseptics via binding to serum proteins. The extent to which the potency of NBW3 might be reduced in the actual clinical situation should be determined.
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*V* = *a* + *b* × lg(*t*), where *V* = % viability, *t* = time in minutes, and '*a*' and '*b*' are constants.
